Molecular-sieve column chromatography of the fl-D-galactosidase of luminal fluid under several conditions of buffer and pH show that, whereas the enzyme eluted as a tetramer (apparent Mr 320000) under acidic conditions (pH 3.5-4.3), only dimers and monomers (apparent Mr 180000 and 92000 respectively) were observed in neutral conditions (pH 6.8). This aggregation/dissociation phenomenon is reversible. These studies indicate that ,-D-galactosidase is present in the luminal fluid in dissociated forms, and is therefore optimally active towards glycoprotein substrates at physiological pH. The potential role of the enzyme in modification of sperm surface glycoproteins is discussed.
INTRODUCTION
Mammalian spermatozoa, as they leave the testis, are unable to fertilize eggs. They acquire progressive motility and fertilizing ability during passage through the epididymis [1, 2] . The maturation process in the epididymis involves several biochemical changes including modification of the sperm surface glycoproteins (for reviews see [3] [4] [5] [6] ). Two sets of enzymes, namely glycosyltransferases, which add sugar residues, and glycosidases, which cleave sugar residues from the existing glycoconjugates, are present in high concentrations in the epididymal luminal fluid that surrounds spermatozoa [7,7a] . Thus, it has been suggested that glycosyltransferases, in conjunction with glycosidases, could have a role in the modification of sperm surface glycoproteins during epididymal maturation [7] [8] [9] [10] [11] .
Although glycosyltransferases are functional at the physiological pH of the epididymal lumen, glycosidases have only been shown to be optimally active at acidic pH when assayed using the commercially available substrates, p-nitrophenyl (PNP) glycosides or 4-methylumbelliferyl glycosides. It is not known whether they would be active with a natural substrate at neutral pH. To investigate whether one of these acid glycosidases could be active toward a glycoprotein substrate, we prepared and used a galactose-labelled glycoprotein substrate ([Gal-3H]fetuin). Interestingly, our results indicate that the f-D-galactosidase of epididymal luminal fluid, which optimally cleaves PNP f-Dgalactoside at pH 3.5, shows maximum activity at pH 6.8 when [Gal-3H]fetuin was used as the substrate. In addition, we present evidence indicating a pH-dependent association/dissociation of the enzyme. Our studies indicate that although the 8-D-galactosidase form which is active toward PNP /-D-galactoside shows optimal activity when in an aggregated form, the f-Dgalactosidase form which is active towards glycoprotein substrates is optimally active when in a dissociated form. These results are consistent with the possibility that the f-Dgalactosidase present in the epididymal lumen is enzymically active in vivo. Asialoagalactofetuin was prepared by our previously published method [15] . [3H]Gal was incorporated into 20 mg of asialoagalactofetuin by incubation of the latter with 10 ,Ci of UDP[3H]Gal (specific radioactivity 43.3 Ci/mmol) and 0.5 unit of bovine milk galactosyltransferase (1,4-specific) in a total volume of 0.3 ml containing 100 mM-sodium cacodylate buffer, pH 7, 40 mM-2-mercaptoethanol, 10 mM-MnCl2 and 2 mM-ATP. The reaction was carried out by incubation at 37°C for 24 h under 2 or 3 drops of toluene. Following incubation, the sample was kept at 60°C for 30 min to abolish the transferase activity. The sample was then washed extensively by suspending in 2 ml of ice-cold 10% (v/v) trichloroacetic acid and centrifuged for O min at 3000 g (six washes). Excess trichloroacetic acid was removed by three washings with ethanol/ether (1:1, v/v) and centrifugation carried out as above. The washed pellet was dried at room temperature under nitrogen, suspended in 2 M-NH4OH (3 ml) and neutralized with acetic acid. The neutralized sample was dialysed at 4°C for 48 h against five changes, 100 volumes each, of distilled water. The dialysed samples were counted for 3H radioactivity and aliquots were frozen at -20 'C.
The chemical nature of the galactose-labelled oligosaccharides in [Gal-3H]fetuin was established by N-Glycanase (Peptide-Nglycosidase F) treatment. We incubated 20 ,g of the substrate with 1.0 unit of N-Glycanase (following the manufacturer's instructions) for various times up to 12 h, with additions of 0.5 units of N-Glycanase every 24 h. Protein was precipitated with three volumes of ethanol at 4°C, centrifuged for 5 min at 3500 g, the pellet washed with 0.1 ml of 80% (v/v) ethanol and dried. The supernatant was treated with 2 vol. of diethyl ether at 4°C, centrifuged for 5 min at 3500 g, and the pellet dried at 60 'C. Both pellets were dissolved in water and aliquots were counted for radioactivity.
Assays
PNP /3-D-galactosidase activity was determined by measuring the release of p-nitrophenol in a standard incubation mixture (0.5 ml) containing 5 mM-PNP ,-D-galactoside, 0.2 % Triton X-100, and the desired buffer as described in the legend to Fig. 1 . After incubation for 1 h at 37 'C, the reaction was stopped by the addition of 1.0 ml of alkaline buffer containing 0.133 M-glycine, 0.083 M-Na2CO3 and 0.067 M-NaCl (pH 10.7). The released pnitrophenol was quantified by measuring the absorbance at 400 nm. Enzyme and substrate blanks were run in all assays. One unit is the amount of enzyme which catalyses the release of 1 /tmol of p-nitrophenol/h.
[3H]Gal fl-D-galactosidase activity was assayed by measuring the hydrolysis of [3H]Gal-labelled fetuin in a standard incubation mixture (100,1) containing radiolabelled substrate (approx. 5000 c.p.m.), 0.2 % Triton X-100, and 0.1 M of the desired buffer. Following incubation for 1 h at 37 'C, the reaction mixture was placed on ice and the reaction was stopped by adding 10 gl of 1 % (w/v) BSA solution (carrier protein), and 100 ,tl of 1 % (w/v) phosphotungstic acid prepared in 0.5 M-HCl. After being kept on ice for 10 min, the mixture was centrifuged for 10 min at 3000 g.
The supernatant was removed by aspiration, neutralized to pH 7.0 with 2 M-NaOH and used for quantifying released [3H]Gal. The pellet was washed twice with 0.5 ml of cold 10% (v/v) trichloroacetic acid and centrifugation as above. Trichloroacetic acid was removed from the pellet by suspending the residue in ethanol/light petroleum (b.p. range 37.4-55.4°C) (1: 1, v/v) followed by centrifugation. The washed pellet was airdried and dissolved in 0.55 ml of 2 M-NH4OH, neutralized to pH 7.0 with acetic acid, mixed with 1 ml of NCS solubilizer and 15 ml of Budget-Solve and the radioactivity was measured by liquid scintillation spectroscopy, the efficiency of which was 48 % for 3H. Substrate blanks incubated under similar assay conditions, showed less than 0. Immunoprecipitation studies Immunoprecipitation was carried out using our previously published procedure [17] except that Protein G-Sepharose 4FF was the antibody absorbant and 10 mM-Tris/HCl, pH 7.4, with 0.25 M-NaCl was used as buffer in the incubation mixture (150 ,1u). The supernatant obtained after centrifugation was assayed for enzyme activity.
RESULTS

I8-D-Galactosidase activities in rat epididymal luminal fluid
The previously reported high levels of epididymal fl-D-galactosidase activity were determined using the synthetic substrates, PNP galactoside and 4-methylumbelliferyl galactoside [7,7a] . It was of interest to compare the ,8-D-galactosidase activities in rat epididymal luminal fluid using the PNP galactoside (PNP galactosidase) and the galactose-labelled fetuin ([3H]Gal galactosidase) substrates. The effect of pH on these activities is shown in Fig. 1 . It was obvious that when PNP galactoside was used as a substrate, the enzyme showed optimal activity at pH 3.5, and less than 10 % of the maximum activity was detected at pH 6.6 and over. In contrast, when [Gal-3H]fetuin was used as the substrate, optimal cleavage was observed between pH 6.4 and 6.8, a value similar to the physiological pH of rat epididymal luminal fluid [18] . A smaller peak of [3H]Gal galactosidase activity was observed at pH 3.5, the pH optimum of the PNP galactosidase ( Fig. 1 ). These results suggested to us that either the fl-Dgalactosidase present in the luminal fluid has multiple substrate specificities or that the two substrates are hydrolysed by two different enzymes.
Optimizing conditions for PNP-and 13HIGal galactosidase assays Since many glycosidases (including fi-D-galactosidase) are known to carry out glycosyl transfer reactions [19] , it was important to optimize assay conditions for the two substrates. (Fig. 2) . The substrate-concentration studies using PNP galactoside generated a linear double-reciprocal plot with an apparent Km of 0.52 mm (results not shown), a value similar to the one reported for mouse liver fi-D-galactosidase [20] . This value is well below the saturating concentration of 5 mm used in routine assays.
Evidence suggesting that the PNP-and 13HIGal galactoside activities are caused by a single enzyme Our initial studies, reported above, raised the question of whether the two substrates are hydrolysed by a single enzyme or whether there are two different f-D-galactosidases in the epididymal luminal fluid. We therefore attempted to characterize further the PNP galactoside and [3H]Gal galactoside hydrolysing activities.
Concanavalin A-Sepharose 4B column chromatography. Since acid f-D-galactosidase in other tissues has been shown to be a glycoprotein containing high-mannose/hybrid-oligosaccharide units [12, [21] [22] [23] [24] [25] , we first attempted to separate the PNP galactosidase from [3H]Gal galactosidase activities by affinity chromatography on a column of immobilized concanavalin A. Rat luminal fluid was applied to the column which was then extensively washed with the column buffer as described in the legend to Fig.  3 . Essentially all of the PNP-and [3H]Gal galactosidase activities bound to the column ( < 1 % of the two activities was present in the void volume of the column). When the column was eluted with a linear gradient (0-1 M) of a-methyl mannoside (Fig. 3) , more than 80% of the two activities eluted from the column.
Moreover the elution profiles of the two activities were similar.
This result is consistent with the possibility that the catalytic domain for the two activities resides on a molecule(s) containing similar N-linked high-mannose/hybrid-type units.
DEAE-celiulose column chromatography. Next we attempted to resolve the two activities by ion-exchange chromatography on a column of DE-52. Rat epididymal luminal fluid was applied to the anion-exchange resin and, after the column was washed with the column buffer, it was eluted with a linear NaCl gradient in the column buffer. Results from these studies (Fig. 4) show that both activities eluted in a single peak. The ratio of the two activities remained fairly constant, a result indicating no net negative-charge difference between the two activities.
Immunoprecipitation studies. We then tried the immunoprecipitation approach using anti-mouse liver acid galatosidase antibody in an attempt to separate the two activities. Results from these studies, presented in Fig. 5 when the luminal fluid was subjected, before assay, to heat treatment at 45°C for at least 60 min at either pH 3.5 or 7.2 ( Fig.   6 ). Both activities were less stable at higher temperatures. When the heat treatment was carried out at 60°C in sodium citrate buffer, pH 3.5 (Fig. 6a) , % of the two activities was lost after 60 min. Both activities were even more sensitive to the heat treatment (60°C) in sodium cacodylate buffer at pH 7.2 (Fig.  6b) . Nearly 90 % of the two activities was lost after 20 Table 1 indicate that regardless of the pH of the assay mixture, disaccharides containing a variety of galactose linkages found in both 0-and N-linked oligosaccharides, -show a concentration-dependent inhibition of [3H]Gal galactosidase. These results provide strong evidence that epididymal fluid /?-galactosidase is capable of cleaving galactose residues present in both 0-and N-linked oligosaccharides.
Evidence for pH-dependent association/dissociation of epididymal luminal fluid /I-D-galactosidase It has been shown previously that mouse liver lysosomal acid ,#-D-galactosidase (assayed with PNP galactoside) is present as a tetramer (apparent Mr 240000) in acidic conditions [27] . However, the enzyme (assayed with the same substrate) dissociates in neutral conditions at pH 7.2, and elutes as a dimer (apparent Mr 113 000) from a gel-filtration column [27] . To determine if the fl-D-galactosidase of epididymal luminal fluid shows similar pHdependent association/dissociation, we fractioned the rat luminal fluid on a column of Bio-Gel A-0.5 m-agarose under two sets of varying conditions with regard to buffer and pH. In brief, the fluid was resolved by gel filtration under either acidic (pH 3.5) or neutral (pH 6.8) conditions, and various fractions were assayed for the PNP galactosidase and [3H]Gal galactosidase activities under their optimal pH conditions (pH 3.5-4.0 for PNP galactosidase and pH 6.8 for [3H]Gal galactosidase). Results from these studies, presented in Fig. 7 , clearly show that whereas the enzyme activities eluted in an associated form (an apparent tetramer of Mr 320000) in acidic conditions, only dissociated dimers and monomers (apparent M, 180000, and 92000 respectively) were observed when the gel filtration was carried out at neutral pH.
These results indicate that ,8-D-galactosidase in luminal fluid, like the mouse liver enzyme, shows pH-dependent association/dissociation. To demonstrate reversibility of the association/ dissociation phenomenon, we obtained the associated (tetrameric) form of the enzyme by gel filtration carried out under acidic conditions, precipitated the enzyme with ammonium sulphate, and resolved it by chromatography at pH 6.8. The eluted fractions, when assayed, showed activity eluting at the position of dissociated forms (results not shown). These results suggest that the association/dissociation of the enzyme is reversible. In addition, the results show that the epididymal enzyme
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DISCUSSION
The purpose of the work presented here was to characterize the /-D-galactosidase found in abundant quantities in the epi- Comparative studies using synthetic (PNP glycoside) and natural (glycoprotein/oligosaccharide) substrate have provided evidence that natural substrates are hydrolysed at a slightly higher pH. For example, acid mannosidase from rat liver [29] , kidney [30] and epididymis [31] optimally cleaves PNP-mannoside at pH 4.4. A slightly higher pH optimum (pH 5.0) has been reported with the natural substrate [29] [30] [31] . However, the epididymal luminal fluid ,-D-galactosidase reported here is the first glycosidase which shows a strikingly different pH-dependent substrate preference (pH 3.5 with PNP galactoside versus pH 6.8 with [Gal-3H]fetuin).
Molecular-sieve column chromatography under acidic and neutral conditions showed a reversible, pH-dependent association/dissociation of the rat epididymal luminal fluid ,-D-galactosidase. This result was not entirely surprising since similar pHdependent aggregation has been reported for acid /?-D-galactosidase purified from human and mouse liver. In mouse, the acid ,f-D-galactosidase occurs in an aggregate (tetramer, apparent Mr 240000) form under acidic conditions, which dissociates into dimers (apparent Mr 113000) under neutral conditions [27, 28] . Human liver /J-D-galactosidase, an oligomer of apparent Mr 660000, dissociates into dimers (apparent Mr 150000-180000) and monomers (apparent Mr 65000-80000) [24, 32, 33] . These studies suggest that the pH-dependent association/ dissociation is a common occurrence among mammalian /?-Dgalactosidases. It is noteworthy that the ,-D-galactosidase from rat epididymal luminal fluid optimally cleaves PNP galactoside at an acidic pH of 3.5, when the enzyme is present only in an associated (tetrameric) state. However, [Gal-3H]fetuin is optimally hydrolysed at pH 6.8, a state when nearly all of the enzyme is present in dissociated forms. Thus it appears that the pH-dependent conformational changes in the enzyme molecule are necessary for the optimal cleavage of the two substrates. Since the physiological pH of the epididymal lumen has been shown to be 6.8 [18] , it is likely that under conditions in vivo, the enzyme is present in dissociated forms, and is active mainly towards a glycoprotein substrate. In addition, since the enzyme was less thermostable at pH 6.8, it is reasonable to suggest that the /-D-galactosidase is less stable in the neutral conditions which favour dissociation.
The apparent Mr of the monomer (Mr 92000) observed by gel filtration under neutral conditions is similar to the subunit Mr of the enzyme secreted by rat epididymal epithelial cells [8] [34] . However, the subunit Mr of /-D-galactosidase from epididymal luminal fluid is significantly higher than that reported for mouse liver and macrophages [35, 36] , human fibroblast [35] precursor forms of f-Dgalactosidase (Mr 82000-Mr 84000) and the enzyme secreted by mouse macrophages (Mr 63000) [37] . These differences are probably caused by differential glycosylation of the enzyme.
Since the oligosaccharide moieties of the glycosidases are important in the intracellular transport and packaging of the enzymes [38, 39] , it will be of interest to study the oligosaccharide composition of the f-D-galactosidase purified from the tissue lysosomes, and from the epididymal luminal fluid.
In addition to the lysosomal acid fl-D-galactosidase activity discussed above, human liver [32, 33] has been shown to contain another /-D-galactosidase activity in the tissue cytosol. Unlike the lysosomal enzyme, the cytosolic f-D-galactosidase, optimally hydrolyses PNP galactoside at a neutral pH [40] , does not show affinity for concanavalin A, and shows no cross-reactivity with the antibody to the acid f-D-galactosidase [41, 42] . The luminal fluid enzyme described here is similar to the liver lysosomal acid f-D-galactosidase and not the cytosolic fl-D-galactosidase.
The acid fl-D-galactosidase and other glycosidases are usually present inside lysosomes where they are known to be degradative enzymes [43, 44] . However, these enzymes have been reported to be present in extracellular fluids, such as blood [45, 46] and epididymal luminal fluid [7,7a] . Their degradative role, when present in a neutral environment, has not been elucidated. Our results seem to suggest that at least one glycosidase, the acid ,i-D-galactosidase, could be functional in an acidic environment (inside the lysosomes) as well as in the neutral environment of the epididymal lumen. It will be important to examine whether other glycosidases present in the luminal fluid are optimally active at or near neutral pH when assayed using a glycoprotein substrate.
Spermatozoa acquire the ability to fertilize during transit through the epididymis [1] . It is generally believed that the maturational process includes modifications of the sperm plasma membrane to permit sperm-egg interaction. Although the details of these modifications are still unclear, there is growing evidence that glycoprotein-modifying enzymes (glycosidases and glycosyltransferases) along with proteases are involved in these modifications. Lectin binding studies have provided strong evidence suggesting that the sperm surface glycoproteins are extensively modified in the various regions of epididymis [4] [5] [6] 47, 48] . For instance, peanut agglutinin, a lectin which preferentially binds to the Gal ,/1, 3GalNAc-linkage found in 0-linked glycoproteins, stains two major glycoproteins from proximal caput sperm plasma membrane but not from cauda sperm plasma membrane [48] . The apparent loss of the galactosyl residue(s) during sperm maturation may be caused by the luminal fluid #-D-galactosidase, which is capable of cleaving galactosyl residues from 0-linked (Gal,/1,3GalNAc) as well as N-linked glycoproteins.
